Bound spin-excitons in two-dimensional electron gas 
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A theory of the spin exciton capture by a magnetic impurity in a 2D electron gas is developed. 
5_( , We consider the resonance model for electron scattering by a transition metal impurity and calculate 

Oh the binding potential for spin excitons. This potential is spin selective and is capable of binding 

a spin exciton with zero angular momentum. In order to trap an exciton with a nonzero angular 
, . momentum m, the potential must exceed a certain threshold value, depending on m. 

"xT . 

^ ■ I. INTRODUCTION 
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I ' Shubnikov-de Haas effect is a powerful tool for studies of a two-dimensional electron gas (2DEG) in a strong magnetic 

field. In particular, the oscillatory behavior of the electronic g factor in 2DEG was investigated with the help of this 

effect (see Q and references therein). Two important parameters which predetermine the properties of the 2DEG in 

Ch a strong magnetic field B are the cyclotron frequency = eB/mc and the effective Coulomb energy E c — e 2 /tdg 

■M ■ (lb — (hc/eB) 1 / 2 ) is the magnetic length). In the limit of ultra high magnetic fields, when E c -C Tilub and only the 
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lowest Landau sublevel is filled, the low-energy branches of the excitation spectrum are represented by well separated 
bands of spin waves, magnetoplasmons, etc. These excitations were studied in details during recent decades (see, 
e.g., The spin waves, formed by the electrons in the down-spin and holes in up-spin n = Landau subbands, 

make the lowest branch of magnetic excitations. These states are separated by the Zeeman gap Ab = g^BB from 
the ground state and form a band with the width of ~ E c . The exciton dispersion law is quadratic at small wave 
numbers and saturates in a short-wave limit, where the excitons, in fact, transform into free electron-hole pairs S. 
This paper studies the interaction between the spin waves and a magnetic impurity in 2DEG. To be more specific, 
_l ' we consider doped heterojunctions GaAs/GaAlAs and related materials, so we refer below to a III-V semiconductor 
. as a host material where some cation atoms are substituted for magnetic transition metal impurities. It is known 
||, that transition metal atoms create deep levels in the forbidden energy gap of the host semiconductor, and the 
main mechanism of the electron-impurity scattering is the resonance scattering by the d-levels of the unfilled 3d shell 
of transition metal ions. The intraatomic exchange interaction leads to the Hund rule which governs the occupation 
of the deep levels. As a result the transition atom in a semiconductor are magnetic. We will show below that the 
interplay between the magnetic impurity scattering and attractive electron-hole interaction in excited 2DEG results 
in a bound spin exciton. The spectrum of these bound states is the subject of the present study. 
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II. MODEL AND APPROXIMATIONS 



We start with the model of 2DEG doped by magnetic impurities which is discussed in detail in || . This model is 
g ' described by the Hamiltonian 
O ■ 

H = H b + H l (1) 



where 



5^ 

Hb = / , B na a\ m a a nm . a (2) 



is the Hamiltonian of a 2DEG, strongly quantized by a magnetic field. It is convenient to use the symmetric cylindrical 



gauge for the vector potential A = (— ^-y, §,0), so the index m describes different orbital states in a given Landau 



level 



1 , h 2 27i+l 



En = r^ B (n + -)^——^. (3) 



f 



Then, assuming a small impurity concentration, the impurity related part Hi of the Hamiltonian (|l|) can be written 
in a general form 

H i = J2mErm+ (4) 
r 



Y Y ((ilM^A^nmo + H.c^j + Y,(nm\AV\n'm')af 



nnia 



Here the state of isolated impurity ion is characterized by a configuration d n of its unfilled d-shell in a crystal field 
preserving the point symmetry of bulk semiconductor (we assume that the potential, responsible for the confinement 
in the z direction does not disturb the crystalline environment of the impurity site). Then the electrons in d shell are 
characterized by the representations 7 = £2 , e of the tetrahedral point group, and the many-electron states |T) of the 
3d shell may be represented as 



(I and t are two projections of the electron spin). The scattering part of Hi consists of two components ||: the second 
term in eq. (Q) describes the resonance part of the impurity scattering. The third one represents the short-range 
substitution potential AV — Vi{r — Rq) — Vhost(f ~~ Ro) where Rq is the position of the substitution impurity in a 
host lattice. The resonance scattering arises together with the usual "potential" scattering due to the fact that the 
energy level £.; 7 = Er(d n ) ~ Et'(gP -1 ) enters the fundamental energy gap of the host semiconductor or appears in 
the lowest conduction band or the topmost valence band. Here the configuration rf™ -1 misses one electron in a state 
7 = e or <2 in comparison with the state d n . 

The impurity problem with the two scattering mechanisms can be solved in the general case [ ^o|JTl| l . In our special 
case its solutions are essentially different for e and channels. As is shown in 19], the t% component of impurity 
potential results in deep levels in forbidden energy gap or resonances in the conduction band, but only weakly disturbs 
the Landau levels E n . On the other hand, e-scattering results in an appearance of the bound Landau states with 
m = between Landau levels with nonzero orbital quantum number and in a splitting of the lowest bound state from 
the Landau grid. The reason for this difference is in the short-range nature of both components of the scattering 
potential. The eventual reason for this difference is the orbital dependence of the matrix element 

P x 



(nm|AC/| 7M ) ~ I f^J « 1 (5) 

for m ||. Here p is the radial variable in the cylindrical coordinates (p,ip,z). When estimating this matrix 
element one should choose p of the order of the atomic radius. As a result only the orbitals |el) oc \r 2 — 3z 2 ) ~ Y20 
with m = may be strongly hybridized with the Landau states. 

According to pjll||, the localized eigenstates of the Hamiltonian (0), (|J) are given by the following equation 

Ei~ja £170- — Mry^Ei-ycr) = 0, (6) 

where 

where |/3) = \bno~) stand for the eigenfunctions of the magnetically quantized electrons captured by the local potential 
AU. The latter problem was solved in ref. p2[ for attractive potential AU < . It was shown that the short range 
potential also perturbs only the zero orbital states m = 0. The general structure of the electron spectrum of doped 
2DEG is sketched in Fig.l. 



2 



E 



Eb2\- 



n = 



'blV 



'bOY 



'ie\ 



J b2\ 
''bl\ 



J bO\ 



E 






n 












EbC 



FIG. 1. A schematic representation of interacting Landau and impurity levels. E^ e<T are the impurity levels for up- and 
down-spin electrons. They result from the prime impurity levels Ei ecr shifted to new positions due to their interaction with the 
Landau levels with m = 0. The Landau levels with m = are also shifted to their new positions Eb eC r- The insert illustrates 
the case when an impurity prime spin-down state is nearly degenerate the lowest Landau spin-down state. 



This observation allows us to divide the states in the Landau band (ts) into two groups, 



H h — Hi 



60 



(8) 



Here Hf,o includes only the states with the zero angular moment m = 0, whereas H' h includes all the remaining states. 
Only the states with m = are involved in the formation of the bound Landau states given by the solutions of 
eq. (Q). Similar reduction can be made in the manifold {i^/u} due to the 'selection rule' (g): when considering the 
renormalization of the states \(3) due to the resonance scattering, we leave only the state |el) in the corresponding 
sector of the secular matrix. As a result, one has the following equation 



r (0) 



(bna\ AU\ela) (ela\AU\bna) 



+ SM(E bna ). 



(9) 



for the energy shift of a given level which according to |T^] appears in the gap between the bare Landau levels 
E n ~i and E n . Here we have picked up the direct mutual repulsion of the n-th Landau level and the d-level in the first 
term of the right-hand side of eq. (|^) . The influence of the other bound Landau states is given by the second term, 



6M(E) = V ^WgM<gH^ l^)(^-^ 
( E - E iea )(E - ^ fj , 



(Oh 
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The role of these states is to keep the renormalized levels in the same energy interval _E„_i. CT < E\, na < E na . 

An important feature of the resonant channel of impurity scattering is its spin selectivity, which stems from the 
spin structure of the transition metal d shell. It is known Q that the transition metal impurities follow in their main 
features the 'Aufbau principle' of the quantum mechanics of isolated atoms. This means that the d-shell is usually 
filled in accordance with the Hund's rule or, in other words, the exchange interaction makes the level E^ lie always 

below the level -Eiei- Then the splitting A es = Ei e i 
states via eq. (|^). This splitting can be estimated as 



Eiei generates the spin splitting of the bound Landau 



A 



(n) 
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n'^n bn 
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(10) 



Here A^ = — Ei ea , V en — (el\AU\bn), 5 n = E\, n —Ey} (the spin dependence of two last quantities is neglected). 
It is important for the further classification of the spin excitons that the sign of A^ , unlike the sign of A es , can be 
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both negative or positive, since the energy differences A^ and Aj™ ' can have either the same or the opposite signs 
depending on the type of the transition metal ion and the host matrix (see discussion in ||). According to eq. (|Io| ) 
the resonance impurity scattering results in a 'transfer' of the exchange splitting A es in the impurity d-shell to the 
spectrum of Landau electrons. This transfer is illustrated by the level renormalization in Fig. 1. 

Now we know the general structure of the one-particle spectrum of a magnetically doped 2DEG, which should serve 
as a background when magnetic excitons and magnetoplasmons are formed. This spectrum consists of equidistant 
Landau levels with m 7^ which are unperturbed by the impurity scattering. The states with m = form their own 
grid: a pair of spin split states E}, nrT appears in each energy gap — E^_ x , and the lowest pair of bound states 
E)j na arises in the fundamental energy gap of the 2D semiconductor below the Landau level E . 



III. ENERGY SPECTRUM OF LOCALIZED SPIN EXCITONS 

According to the general classification of the multiparticle excitations from a filled Landau level in 2DEG Q , the 
lowest branch of the electron-hole excitations is that of spin waves. These spin excitons arise as bound electron-hole 
pairs with parallel spins as a result of a spin-flip excitation from the lower filled sublcvcl Eq]- of the lowest Landau 
level to its higher empty sublevel Eq±. To calculate the spectrum of the localized spin excitons, one should keep only 
the states with n — in the bare Hamiltonian Hi, (||) , take into account the Zeeman splitting of the Landau states 
explicitly and add the electron- hole Coulomb interaction Hi nt , 

H° ex = ^2(E or a+a p + E ol b+b p ) + H int . (11) 
p 

Operators a + (a) and b + (b) describe creation (annihilation) of electrons with the up or down spins ex, index n = 
being omitted. Here the electron wave functions are written in the asymmetric Landau gauge A = B(y, 0, 0). Then 
the total Hamiltonian of a doped 2DEG takes the form 

H = H° ex + Hi (12) 

The impurity related term Hi was analyzed in the previous section using the symmetric gauge. Now it should be 
re-derived in the Landau gauge. 

Using the solution of the impurity problem found in the previous section and taking into account that the Landau 
levels with m = are included in H ex contrary to 'extraction' principle formulated in eq. (|§|), we can write Hi in the 
form (see Appendix), 

Hi = (\A 00 \ 2 E m - E 0] )al a a l0 + (\B 00 \ 2 E m - £01)^0 + H iM . (13) 

Here -EW are the solutions of eq. ([)]) for the lowest bound Landau state, and the operators a\ and b\ Q creat e th e 
corresponding eigenfunctions in the symmetric cylindrical gauge. The coefficients Aqq, Bqq are defined in eq. ( |A.2| ). 
The off-diagonal term Hi^ n< i contains the contribution from the higher Landau levels with n > whose value is of the 
order of ~ \ Ao n \ 2 /E n <C 1 and will be neglected in the further calculations. 

In principle, the scattering potential contains also the terms corresponding to spin-flip processes, 

H± = J(dl e ^d ie ibl a i0 + d\ ei di e ^a\ bi ). (14) 

The spin-flip terms are inessential in comparison with the leading spin-diagonal terms ( |l3| ) because each spin flip 
process costs the Hund energy A es = E ie i — E^, so that J ~ \V eo \ 2 / A ex . The spin-flip processes, in principle result 
in multiple creation of spin excitons, but the contribution of these processes to the spin- wave spectrum is at least 
~ J 2 , and we also neglect them in the further calculations. 

Then, we turn from the cylindrical gauge to the Landau gauge, 

p p 

where 

A p = (tOUpV, B p = (iOi\pi) (16) 
As a result the impurity Hamiltonian in the Landau gauge has the form 
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Hi = ]T [Ui(p,p')4a p , + C/|(p,p')^V] (17) 
pp' 

where 

Ui( P ,p') = K 1 j Pl j; lp u l (p, P ') = K l j pl p;, l (is) 

Here where J pa = {ipba^pfia) , and ipp,Oa are the wave functions of the lowest Landau level, 

^(*,y) = ^5^e*»e-^. (19) 

Here x, y are Cartesian projections of the dimensionless vector y/Ib- The coefficients K a are calculated in Appendix. 
To derive the impurity Hamiltonian in the Landau gauge, we use the identity 

bp p , = J^e-M^p^p'-p), (20) 



where the electron density operators are 

PT(q) = £ P <<we^+^) 



(21) 



with q = (q x ,q y ). Then inserting ( |20| ) into eq. (|l7|), we get after straightforward calculations 

H^Y^UM^^PM) (22) 



q.rr 

where the matrix elements of the impurity potential are 

,•2 



U a (q) =K a J d 2 ri d 2 r 2 ^ ba (jpj iJ ba (^j x (23) 

exp{i [(xt - x 2 )q y + (yi - y 2 )q x - i(yi + Vi)% + i{ x i + x 2i<lx - + x 2 )(yi - y 2 )}} 

Here the coefficients K a determined in Appendix depend on the specific form of the scattering impurity potential 
acting on the electrons in the Landau subband Oct [see eqs. ©, (O), (|A~J), flO|) , (|A~J)]. We discuss here the 
limit of a strong magnetic field when the cyclotron energy Hlob = h 2 /2mlB is large compared to the Coulomb energy 
e 2 / kIb- It is essential that the impurity potential is spin selective, i.e., its components acting on the electrons in the 
two Landau subbands can differ significantly in magnitude (see below). 

We consider the case of the filling factor v = 1, when the spin-up Landau band is totally full and the spin-down 
Landau band is completely empty. Then the eigenfunctions of the Hamiltonian (hll) 



*S k = £&>P+^ ife ^+^)| ) ( 24 ) 
p 

correspond to free spin-excitons with the energy spectrum e ex (k), 

H^J(k)=e ex (k)^ <k . (25) 
Here k = k x , k y is the wave vector of a spin exciton. The exciton dispersion law is 

.2 \ / rrr \ 1/2 



e ex (k) = A B + (JjA (I) [1 - e - fe2 / 4 / (fc 2 /4)] = As + n(k 2 ) (26) 



(see [g| |4|,[13|). Here Ab — \q^bB\ is the Zeeman energy, I is a modified Bessel function. 
The wave function of a bound exciton is looked for in the form 
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*e* = £/(k)^ k (27) 

k 

The function (|27]) must be an eigenfunction of the Hamiltonian (12). The standard procedure leads to the equation 

[e ex (k) - e]/(k)+ 

2i U+Q* ~ k') sin hk' x k] 2 /(k') - 2 £ [7_ (k - k') cos i[k' x k] 2 /(k') = 0, (28) 

k' k' 

for the envelope function /(k). Here 

£fc(q) = ^T(q) ± ^l(q))e"^ = I7±(q)e-^ 

As is discussed in Appendix, the localization radius pb of the impurity wave function is essentially smaller than the 
magnetic length. Then the g-dependence of the matrix elements (|23| ) is insignificant, and they can be estimated as 



U a « K a (2ir 2 ) Qf 



d^UO) =K a I b (29) 



Taking into account the cylindrical symmetry of the problem, the solutions of equation (|2§|) are looked for in the form 

/(k) = f m (ky m * (30) 

where the integer quantity to is the quantum number of the bound exciton. 

Now we substitute the functions (^0|) in eq. (p£j|) and carry out the integration over the directions of the vector k'. 
Then the term proportional to [/+ contains the integrals 



2 " dtp m1 cos „ . M' . , {kk')\ 
— e 2 w »f sm(— - simp) • smmcp = — 
2tt 2 2 



e ^ c ° s </> s in(_ sin^) • sinm</J = oH sign(m) (31) 



in which the sign function is defined as 



1, if to > 0, 

sign(TO) = { 0, if to = 0, (32) 
-1. if to < 0. 



The term proportional to U- contains the integrals 



27T dip uuL cosv . .kk' , (Arfc') |m| 

_ e 2 ™* am (— am(p ).cosrmp= 2 (33) 



where 



for all values of the quantum number to. 

The equations defining the radial parts f m (k) of the envelope functions (|3^) are 

fm(k) = W m fcH e -£ l - 7 7rF m (34) 

W m = ^HTO] ^ 1 + si S n ( m )l " ^T[l " sign(m)]} 

and 

= I>^ H /m(fc)- 
k 

The energy e m of the bound exciton with the quantum number to can be found as a solution of the equation 

1 = W m M m (e m ), (35) 



G 



where 



. u2\m\ p —\- 

We introduce the new variable ui — k 2 and convert summation in equation ( |36| ) in integration. Then the fact that 
at small u> the dispersion law Q(u>) cx u> allows us to find the behavior of the quantity M m {e) at e — ► As- 

M m (e) = 7r / dui- 



— 2^™*^ In m*^, | As — e\, m = 

(37) 

M m (A B ) - M' m {A B )\e - Afl|, £ A B - 0, m ^ 0. 

Here m* eT = — — ( — — I is the effective mass of the free exciton at small momenta H, M m (As) < 0, M'(Ab) 
e 2 \7rnc/ 



_ 2k^ 2 ^2e5 x 1 J 

dM{e) 



ds 



> 0. 

Now using the normalization condition 



one finds that 



F m = \W m \[M\e m )] 1/2 . (38) 



This equation closes the procedure. Now the spectrum of spin excitations in 2DEG pinned by the resonance impurity 
with it s ow n localized spin is determined by eqs. (pq) - d37w. The coupling constants are determined in eqs. (|2£ 



( |A.7| ), ( |A.8| ), and the wave function of the bound spin exciton is given by eqs. (|27|), (|34|), (|38|). 

Starting the analysis of the bound exciton solutions with the case of to = 0, we sec that in the weak scattering 
limit the magnitudes of both coupling constants (|2^) are determined by the coefficient ( |A.7| ) . Then the potential in 
eq. ( p5| ) is given by the following equation 

Wo = -V- = -V eb I b (Pl ~ h) = V eb J b^- > °- (39) 

The scattering potential (^) is repulsive and the eq. ( |35| ) for m = has no bound solutions below the exciton band. 
Such a solution appears when the resonance scattering for the spin down electrons is strong (see insert in Fig.l). 



This is a realistic condition for tra nsit ion metal impurities [p|. In that case we use eq. (A.7), for the potential acting 



on the spin up electrons, and eq. (|A.8D , for the potential acting on the spin down electrons. The coupling constant is 

W = -C7_ » ~(V eb - w )h (40) 

Due to the logarithmic divergence of the function Mo(e) near the bottom of the excitonic band (see eq. (p7T)), the 
discrete solution of eq. (|3^) appears, provided the resonance component of impurity scattering is stronger than the 
potential one, V eb > wo, i.e, Wo < (see Fig. 2). 
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FIG. 2. A graphical solution of eq. (|3^) for m = 0. Due to the logarithmic divergence of the function Mo(e) at s = As, a 
spin-exciton can be always bound with an energy eq below the bottom of the spin-exciton band. 




FIG. 3. A graphical solution of eq. (£55|) for m = — 1. The function M_i(e) is now non-divergent. Hence, a spin-exciton can 
be bound with an energy e_i below the bottom of the spin-exciton band if the parameter W-i is larger than the threshold 
value W-i = l/M_i(As). 



The selectivity with respect to the orbital quantum number m of the bound spin exciton is intrinsically connected 
with the spin selectivity of the impurity potential. This orbital momentum is the sum of the electron and hole 
momenta, m = m e + m/,. As was shown previously only the electrons or holes with m et h = can be captured 

by the short-range impurity potential which is U± for electrons and — J7f for holes. Therefore, in a bound exciton with 
m 7^ one of the carriers (electron or hole) must have zero momentum. Then the momentum of the whole exciton is, 
in fact, the momentum of the second carrier. This second carrier is bound by the combined action of the Coulomb 
attraction of the first carrier and the diamagnetic contribution of the Lorenz force. The sign of the orbital momentum 
and the charge of the carrier predetermines the sign, attractive or repulsive, of Lorenz force contribution to the total 
potential. As a result, only the electrons with m e > and the holes with m/, < can be captured in the limit of a 
strong magnetic field. Hence, the sign of the exciton orbital momentum provides an information on which carrier is 
bound by the short-range potential. It is the hole, bound by the potential — t/j, in the case of to > and the electron, 
bound by the potential — Z7f, in the case of m < 0. 

In the case of m = both carriers are captured by their corresponding short-range potentials and then their total 
coupling strength, £/j — U-\, determines the binding energy of the exciton. 
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IV. CONCLUSIONS 



To conclude, we have found that the magnetic impurity can bind the spin exciton in a 2DEG. It turned out that 
the mechanism of the exciton capture is the spin-selective resonance scattering by the deep impurity levels. This 
spin selectivity is stems from the Hund rule in particular case of transition metal impurities. The interaction in the 
second order in scattering potential can be described in terms of an indirect spin exchange J (see eq. |l4]), and only 
the longitudinal component of this exchange is essential for the formation of a bound spin exciton. The transversal 
components of this exchange give the contribution to binding energy only in 4th order in the scattering potential. 

It is found that the spin-selective impurity potential is always capable of binding the exciton in a state with the 
moment m = because of the threshold van Hove singularity of the density of states in a 2DEG. Excitons with m/0 
can be also trapped, but then the conditions for the capture are more severe. 

The analysis of the electronic structure of 3d transition metal impurities in GaAs-related systems shows that the 
strongest binding potential is created by the light elements (V, Cr). 
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APPENDIX 



In order to derive the impurity Hamiltonian for 2D electrons in the Landau gauge, we use the fact that the resonance 
scattering involves only the Landau states with m = 0. These states are included in the Hamiltonian (0), so one 
should subtract them from Hi, which then acquires the form 

Hi = E m a\ a. l0 + E Mi b\ b t0 - E 01 a f a - E bol blb (A.l) 

Then the bound Landau states with m — can be re-expanded in free Landau states, 

a-io = J]] AtoOnCb ho = Bo n b n o (A-2) 

n n 

fl2|| . As a result we come to eq. ( |l3| ) . 

In order to calculate the expansion coefficients A p , B p in eq. ([l5|), one needs the wave functions of the bound electron 
in the lowest Landau level. The wavefunctions of the lowest localized Landau states correspond to the solutions E b Q a 
of eq. (^|). If these states are deep enough below the unperturbed Landau spectrum, one can neglect the contribution 
SM (E) of higher Landau levels, and the eigenfunctions ipiOa has the form ||] 

IpiOa = ~ Sin 9 a^iea + COs9 a ^ b<y (A. 3) 

with the mixing coefficient given by tan2# cr = 2V e b/A (T , and V eb — (el\AU\bO). The wavefunctions ipbcr describe the 
Landau state bound in a short range attractive potential |l2| , 

where 2£ = (p/ls) 2 , T, ip' and W a ^ m are gamma function, trigamma function and Whittaker function, respectively. 
Index a is determined by the corresponding eigenstate, a — 2 _1 (1 — e;,ocr^) with e = 2m*E/h 2 . W hen the level e^oo 



is deep enough or the magnetic field is weak enough, i.e. |efj [j|^ S> 1, the wave function (A.4) has the standard 
asymptotic, 

e~ Q 

Ipba -p (A.5) 

y/0 







Here |a| « l\j2p\^ Q — pjpb and p^ = Eb- Thus, the localization radii of the d-electron {pd), bound Landau electron 
(pb) and free Landau elect ron ( Is) obey the hierarchy Pd ^ Pb ^ Ib- As a result one can safely neglect the contribution 
of the d-component ipiea ( |A.3| ) in the overlap integral (|l6|). Then in the case of a week scattering, (3 a = V e b/A a <C 1, 
{0 <C 1), and the overlap integrals (16) can be approximated by the following equations 



Ap — 



1-/3 T 2 )J PT , B v = {\-fi)J l 



(A.6) 



Thus the spin dependence of the matrix elements (A.6) is determined by the energy differences in front of 
the integral and by the index a of the Whittaker function. Having in mind the difference in localization degrees of 
the wave functions (A.4) and (|l9|), the magnitude of the overlap integrals J pa can be estimated as J pa ~ (pba/ls), 
i.e., these integrals are sensitive both to the spin splitting and to the magnetic field. The energy differences in the 
Hamiltonian (|13| ) are determined by the short-range component of the impurity potential which in our theory enters 
as a phenomenological parameter wq. In a weak scattering limit Ebo a — Eq = —wq + j3 a V e b (if the short-range potential 
is attractive) |fl. As a result the latter factor is dominant in this limit, so that 



-(W - /3<jV eb ) 



(A.7) 



In accordance with the Hund's rule for 3d - impurities Af > A|, so > Ky. 

Next we consider the situation where one of the resonance d - levels, namely £i e x, is above the lowest Landau level, 
and the sc atte ring is stro ng for the down-spin electrons, #j ~ — 7r/4. The inequality 5| < 1 still holds, since the 
estimates ( A.6 ) and ( A/7) for up spin states are still valid. As for the down spin states, the coefficient sin9i is ~ 1/2, 
and 



K\ 



1 



(w + V eb ) 



(A. 



The magnitudes of the scattering potentials Uf and U± differ noticeably in this case. 
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